The Xincheng gold deposit, hosted by the Early Cretaceous 132 to 123 Ma Guojialing-type granitoids in northwest Jiaodong Peninsula, southeast North China craton, formed about 2 billion years later than regional metamorphism of the Archean Jiaodong basement rocks. The Xincheng deposit comprises mineralized zones with three types of hydrothermal pyrite associated with gold, tellurides, and a variety of sulfides: py1 as disseminated euhedral to subhedral grains in altered granitoids around quartz veins; py2 as subhedral grains with brittle cataclastic textures and fractures in quartz-pyrite veins; and py3 as subhedral, partially corroded crystals in sulfide-rich veins or veinlets. All three generations of pyrite are unzoned and have low trace element contents, including very low lattice-bound gold contents: (py1: 0.180 ppm; py2: 0.053 ppm; py3: 0.060 ppm). Given that there is 10 to 15% pyrite in the ore zone at Xincheng, its very low gold content indicates that it contributes <0.2% of gold to the 7.75 g/t gold in the orebody. Instead, over 99% of the gold is present as discrete electrum and/or gold (total range 0.02-59% silver) grains, which are largely sited in fractures at all scales in pyrite, other ore minerals, and quartz. Importantly, visible gold in py3 is also sited on solution-corroded pyrite grains. The pyrite textural and geochemical data indicate that it is impossible to derive the high gold-grade orebodies through local remobilization of originally lattice-bound gold in pyrite. Instead, the gold is interpreted to have been deposited through sulfidation reactions and phase separation of a H2O-CO2 ore fluid during progressive brittle cataclastic deformation associated with seismic activity and regional sinistral transtensional shear movement. This concomitant fluid infiltration and deformation caused episodic deposition and fracturing and corrosion of earlier formed pyrite and deposited visible gold in dilational cracks. The coupled development of the transtensional, rather than normal transpressional setting, and precipitation of gold within dilational veins and wall-rock alteration facilitated the deposition of visible gold and an exceptionally high gold tenor. All deposit characteristics indicate that the Xincheng gold deposit is a member of the epizonal orogenic deposit class.
Introduction
The Jiaodong gold deposits are currently the most important gold resources (with Au reserves of >4,000 metric tons (t)) in China , the leading gold-producing country globally (with Au production of ~428 t in 2013, data from the China Gold Association website). Jiaodong is also considered as perhaps the only world-class to giant gold accumulation on the planet where relatively young gold ores (ca. 130-120 Ma; Yang et al., 2014b) were deposited in rocks that are billions of years older (ca. 2.9-1.9 Ga; Jahn et al., 2008; Deng et al., 2011) during an anomalous lithospheric delamination event in which the Archean-Paleoproterozoic metamorphic basement of the North China block was intruded by multiple pulses of Mesozoic granitic magmas. Although some of the major gold deposits, including the Jiaojia-Xincheng camp, were once considered to be hosted by Guojialing-type granites (Qiu et al., 2002; Li et al., 2003) , many of the major proven large and super-large gold deposits, including Xincheng, were alternatively believed to be hosted by Linglong-type granites (Qiu et al., 2002; Deng et al., 2003; Yang et al., 2007; C.M. Wang et al., 2015) . The former interpretation is now confirmed by detailed geologic mapping, petrology, petrography and geochronology studies, which show that the wall rocks of the world-class Xincheng gold deposit (with gold reserves of >200 t gold at a grade of 7.75 g/t Au) are Early Cretaceous granitoids (Wang et al., 2014a, b; Yang et al., 2014c ; Z.L. . A study of this gold deposit was designed to help classify the Xincheng gold deposit and define its mechanism of formation, particularly the deposition of pyrite and gold in ore zones.
Pyrite is the principal sulfide in the Earth's crust and the dominant ore mineral in various types of gold deposits (Deditius et al., 2014) . The trace element concentrations in pyrite depend on both the nature of the ore fluid and the geochemical properties of the elements. Therefore, trace elements in pyrite have been widely used to constrain the characteristics of ore fluid and explain the genesis of gold deposits (Thomas et al., 2011; Deol et al., 2012; Li et al., 2014; Zhang et al., 2014) . Pyrite is the main gold-associated mineral of the Jiaodong gold deposits (Yan et al., 2013) , including the Xincheng gold deposit, where gold enrichment is positively correlated 0361-0128/16/4371/105-22 with pyrite content. However, quantitative mineralogical and geochemical studies of pyrite, combined with its textural relationship to discrete gold grains that are designed to constrain gold depositional processes, have so far not been conducted in the Jiaodong gold province, although some microscopic native gold has been recorded within pyrite Yan et al., 2013) . Du (1988) , in particular, reported that micrometer-size inclusions of native gold and electrum are sited along grain boundaries and in microfractures in pyrite and other sulfide minerals, with complex grain relationships. Our present study documents three types of pyrite at Xincheng, examines their textural relationships to discrete gold and electrum grains, and determines their trace element contents, including lattice-bound gold, in order to provide valuable information on the hydrothermal and deformational history of the Xincheng gold ores. This research combines microscope and scanning electron microscopy data with laser-ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS) trace element analyses in order to (1) test models for derivation of gold ores with visible gold from gold-bearing pyrite in the wall rocks to the gold deposits (Large et al., 2009 , and (2) further understand the controls on, and classification of, the Jiaodong gold deposits (Goldfarb and Santosh, 2014; .
Regional and Local Geology

Regional geologic setting
The Xincheng gold deposit is situated in the northwestern part of the Jiaodong Peninsula, where it is underlain by two Precambrian tectonic units, the Jiaobei terrane in the northwest and Sulu terrane in the southeast. The two terranes were sutured together along the Wulian-Qingdao-Yantai fault during continental collision in the Triassic to Early Jurassic (Fig. 1) .
The Jiaobei terrane comprises the Jiaobei uplift in the north and the Jiaolai basin in the south. The former has by far the largest gold endowment, including more than 90% of the proven gold reserves (~3,600 t Au; Yang et al., 2014a) and the majority of world-class gold deposits in the Jiaodong gold province (Fig.  1 ). It is dominated by Precambrian metamorphic basement and supracrustal rocks cut by Mesozoic intrusions.
The formation of ca. 2.9 to 2.5 Ga tonalite-trondhjemitegranodiorite (TTG) gneisses in the Qixia and Zhaoyuan districts (Wan et al., 2012) was followed by deposition of the precursors to the Neoarchean amphibolite and mafic granulite sequence (Jiaodong Group; Jahn et al., 2008) . Both the TTG gneisses and Jiaodong Group subsequently underwent folding and amphibolite-facies metamorphism at ca. 2.5 Ga (Geng et al., 2012) . They were intruded by ca. 2.2 to 2.0 Ga mafic-ultramafic rocks and A-type quartz monzonites (Zhou et al., 2008) . This was followed by deposition of the precursors to the Paleoproterozoic Fenzishan and Jingshan Groups schist, paragneiss, calc-silicate rocks, marble, and minor mafic granulite and amphibolite (Dong et al., 2010 ; X.P. Liu et al., 2013 ). An important continent-continent collision at ca. 1.9 Ga is recorded by metamorphism and deformation of the Jingshan and Fenzishan Groups (Tam et al., 2011 (Tam et al., , 2012 Liu et al., 2012) . Subsequent Neoproterozoic sedimentary cover (Penglai Group; Chu et al., 2011) consists mainly of marble, slate, and quartzite (Faure et al., 2004) .
Mesozoic granitoids intruded into the Jiaobei uplift have been traditionally divided into the Linglong, Guojialing, and Aishan Suites (Zhang et al., 2010; Yang et al., 2012) , with the former two suites being significant hosts for gold mineralization (Fig. 1) . The 165 to 150 Ma Linglong Suite consists of garnet granite, biotite granite, amphibole-bearing biotite granite, and muscovite granite (Jiang et al., 2012; Yang et al., 2012) that intruded into the Jiaobei terrane at depths of 25 to 30 km (Zhang et al., 2010; Jiang et al., 2012) . The 132 to 123 Ma Guojialing-type granodiorite (Yang and Zhou, 2001; Liu et al., 2014) , emplaced into both the Late Jurassic granitoids and the Precambrian basement at depths of 5 to 13 km , comprises porphyritic quartz monzonite, granodiorite, and monzogranite with large K-feldspar phenocrysts (Hou et al., 2007; Zhang et al., 2010) . Both granitic suites were intruded by 117 to 116 and 95 to 87 Ga mafic to intermediate dikes that are commonly controlled by NE-trending (30°-50°) and lesser NW-trending (300°-320°) faults (Yang et al., 2014c) . The latest Early Cretaceous Aishan granitoids, mostly composed of monzogranites and syenogranites of I-type affinity with local alkali-feldspar granite of A-type affinity , were emplaced at ca. 118 to 110 Ma (Goss et al., 2010) .
The gold deposits of the Jiaobei uplift are controlled by NE-to NNE-trending faults, which bound and cut the Late Jurassic Linglong granitoids. From west to east, there are four fault systems, defined as the Sanshandao, Jiaojia, Zhaoping, and Qixia faults, with a spacing of about 35 km. Accordingly, there are four gold belts, faults, in this district (Fig. 1) . These extensional faults are argued to be subsidiary faults to the regional Tan-Lu fault system. They have been active since the Late Jurassic and are thought to have accommodated two main stages of deformation during the late Mesozoic. The first stage is characterized by ductile-brittle normal faulting with sinistral shear movement (Faure et al., 2012; Goldfarb and Santosh, 2014; Yang et al., 2014a) . This was followed by reactivation, as expressed by development of brittle normal faults Yang et al., 2006 Yang et al., , 2014a Zhu et al., 2010) , accompanied by hydrothermal alteration and gold mineralization .
The NNE-to NE-trending Jiaojia fault system, more than 60 km long and 50 to 2,000 m wide, controls the Jiaojia gold camp, which comprises more than 20 gold deposits with a total gold resource of 1,300 t (Fig. 2) . The Jiaojia fault partly follows the contact between Mesozoic granitic rocks in the footwall and the amphibolite of the Jiaodong Group in the hanging wall, and strikes NE 10°-70° and dips NW 20°-50°. The fault cuts the Linglong granite in the Xingcheng gold deposit, and the Guojialing granodiorite intrudes the northern margin of the Linglong granite along an E-W-trending extensional shear zone (Charles et al., 2011) . Second-order, N-to NNE-trending faults, such as the Wang'ershan, Houjia, and Hexi faults, are broadly parallel to the Jiaojia fault, but converge into the latter to the north (Fig. 2) . Lithologic contacts along these faults, together with the fault intersections, are the most important controls on the occurrence and distribution of the gold deposits (Fig. 2) . The Xincheng, Jiaojia, Sizhuang, Wang'ershan, Hexi, Hedong, and Shangzhuang gold deposits are some of the largest deposits in the camp (Fig. 2) . 
Deposit geology and mineralization
The Xincheng gold deposit (37°25'45"-37°27'01" N, 120° 07'28"-120°08'58" E) is one of the largest gold deposits in Jiaodong with a proven reserve of >200 t gold, including over 80 t that has already been produced. It has been exploited since 1979 by the Xincheng Gold Company, with an estimated annual production of 5.4 t Au in 2013. The Xincheng gold deposit, occupying an area of 3.9 km 2 , is located about 35 km northeast of Laizhou City in the northwestern part of the Jiaobei uplift, and near the northern extremity of the Jiaojia fault (Fig. 3) . The granitoids, which account for 90% of the outcrop area, are widely distributed in the Xincheng gold deposit. The Xincheng granitoids, with a zircon LA-ICP-MS age of ca. 132 to 123 Ma (Liu et al., 2014; Wang et al., 2014a) , occur as an NE-trending stock intruding a Linglong granitic pluton, and consist of quartz monzonite and monzogranite which host the ore deposit. The quartz monzonite, which constitutes the central part of the pluton, has a medium-to fine-grained granular texture whereas, toward its margins, grain size progressively increases and the rock becomes a mainly medium-to coarsegrained porphyritic monzogranite . The diffuse boundaries between the quartz monzonite and porphyritic monzogranite of variable grain sizes (Fig. 3 ) imply that they are coeval intrusions (Liu et al., 2014) . The Jiaodong Group enclaves in the quartz monzonite have diffuse boundaries in the hanging wall of the Jiaojia fault. Northeast-trending mafic to felsic dikes are rare in the monzogranite, but 5 to 20 cm thick dikes intrude the quartz monzonite (Fig. 3) . The ore-bearing zones, comprising two mineralization styles, are structurally controlled by the NE-trending and NW-dipping Jiaojia fault and subsidiary faults, and are mainly restricted to the granitoids in the footwall of the fault (Figs.  2, 3) .The more common mineralization type, which contains the bulk of the gold, comprises disseminated-and stockworkstyle ores within altered granitoids, and is characterized by strong sericitization, silicification, sulfidation, and K-feldspar wall-rock halos, and minor carbonate alteration. Both ores and halos are controlled by the structural heterogeneities in the Jiaojia fault zone and are located in the principal displacement faults at divergent bends and dilational jogs and/or subsidiary structures such as intersecting faults (Fig. 3) . Fault zones contain hydrothermal breccias and cataclastic rocks, which comprise up to 50-m-thick zones of K-feldspar, quartz, and sericite with both disseminated pyrite and pyrite-quartz stockworks (Qiu et al., 2002) , reflecting mostly brittle failure and contemporaneous fluid flow. Another less-common ore type comprises a series of en echelon auriferous quartz-pyrite veins that are controlled by the NE-and NNE-trending subsidiary faults, which cut the granitoids (Fig. 3) .
The No. I and No. II orebodies, which comprise 98.6% of the proven reserves in the Xincheng deposit, are located in the footwall of the Jiaojia fault and secondary faults, respectively, as described below (Fig. 3) .
The No. I orebody, the largest orebody (reserves ~185 t Au), is characterized by disseminated-and stockwork-style ores (Fig. 3) . The orebody is about 200 m long, with a strike of 37° and a dip of 26 † to 40° (Fig. 3) . It ranges in thickness from 0.8 to 55 m (avg 18.21 m) and extends downdip from the 30-m level to below the -1,000-m level, with a barren section between the -250-to -450-m levels (Fig. 3) . The gold grade varies from 3.28 to 20.37 g/t with an average of 7.34 g/t.
The No. II orebody, with about 15 t Au, is mainly in the footwall of the No. I orebody (Fig. 3B-C) . It is characterized by quartz-pyrite and quartz-sulfide vein-style ores and comprises a series of subparallel veins filling subsidiary, NE-to NEEtrending faults. It appear as S-shape, stratiform-like lenses that strike 31° and dip 50°-60° NW, ranging in thickness from 0.5 to 20 m with an average of 6.57 m (Fig. 3B-C) . The gold grade varies from 3 to 40 g/t with an average of 8.70 g/t.
Sampling and Analysis Techniques
Sampling Representative samples were collected from three different types of gold ores: disseminated-and stockwork-style, quartzpyrite vein-style, and quartz-sulfide vein-style, containing three types of pyrite (py1, py2, and py3), respectively.
The first group (py1) is mainly pyrite-sericite-quartz altered ( Fig. 4A-D ) and silicified granitoids (Fig. 4E-G) , consisting of quartz (~45 vol %), sericite (~30 vol %), feldspar phenocrysts (~20 vol %), and pyrite (~10 vol %). The second group (py2) is mostly quartz-pyrite veins, containing quartz (~50 vol %) pyrite (~40 vol %), sericite (~5 vol %), and feldspar phenocrysts (~5 vol %). The third group (py3) comprises dominantly quartz-sulfide veins, which consist of quartz (~55 vol %), pyrite (~15 vol %), chalcopyrite (~10 vol %), sphalerite (~10 vol %), galena (~5 vol %), sericite (~5 vol %), and feldspar phenocrysts (~5 vol %). One sample contained both quartz-pyrite and quartz-sulfide veins.
SEM and TEM imaging
To augment field and microscope observation, SEM imaging of pyrite was carried out using a Hitachi S-3400N scanning electron microscopy-energy dispersive spectrometer (SEM-EDS), with energy dispersive X-ray spectrometry and backscattered electron (BSE) imaging capabilities. This was operated at 20-kV and 19.5-nA current, with a working distance of 10 mm, at the State Key Laboratory of Geological Processes and Mineral Resource, China University of Geosciences, Beijing. High-resolution examination of pyrite textures and included gold nanoparticles was achieved using a Hitachi H-9000 transmission-electron microscopy (TEM) at Peking University.
LA-ICP-MS analysis of pyrite
Fourteen pyrite samples (five samples for 20 analyses on py1; six samples for 26 analyses on py2; and four samples for 13 analyses on py3: one sample contained both py2 and py3) were analyzed. Quantitative chemical analysis of the 14 samples was acquired with a New Wave UP-213 nm laser ablation system coupled with an Agilent 7700s Quadrapole ICP-MS, performed at 20 kV with a beam current of 19.5 nA, at the CODES LA-ICP-MS facility, University of Tasmania. The methodology of the LA-ICPMS is described in detail by Large et al. (2009) and Zhao et al. (2011) , and briefly summarized below.
Single-spot analyses were performed by laser-ablating spot diameters of 10 to 40 μm with a repetition rate of 2 to 5 Hz, depending on the size of pyrite. The ablation was performed in an atmosphere of pure He (0.7l/min), and the ablation aerosol was carried by He gas mixed with Ar (1.23/min). Subsequently, the mix was passed through a pulse-homogenizing device prior to direct introduction into the torch. The laser beam energy was maintained between 4 and 5 J/cm 2 , with the laser repetition rate typically of 5 HZ (Large et al., 2009) . Analysis time for each sample was 90 s, including an initial 30 s of background measurement with laser off and 60 s of analysis time with laser on. Acquisition time for all masses was set to 0.02 s, with a total sweep time of ~0.6 s. Data reduction was carryed out according to standard methods, with Fe as the internal standard. The primary standard used was the CODES standard STDGL2b-2, including powdered sulfides doped with certified element solutions and fused with lithium borate into a glass disk. The standard was analyzed twice every 1.5 h with a 100-μm beam size at 10 Hz to correct for instrument drift. Accuracy is expected to be better than 20% for most elements (Danyushevsky et al., 2011 Table 1 ). The integration ranges used for calculating concentrations were selected to avoid inhomogeneities and spikes most likely related to subsurface inclusions (Sung et al., 2009) . The detection limits depend on spot size, which governs ablated mineral volume and count rates of each spot. The values were calculated for every element based on the concentration (Table 1 ). The error of element signal has the dimensions of standard deviation divided by the square root of data points across the selected . Pyrite-sericite-quartz altered rock contains three types of pyrite (py1, py2, py3). Py1 occurs as disseminated or aggregated crystal in pyrite-sericite-quartz altered rock, whereas py2 is present as a quartz-pyrite veinlet, and py3 is intergrown with chalcopyrite, sphalerite, and galena in sulfide veins. (E). Pyrite-quartz veins in a sinistral shear zone that cuts through py1 veins, with sulfide veins distributed alongside pyrite-quartz veins. (F, G). Silicification containing three types of pyrite (py1, py2, py3). Py1 occurs as disseminated or aggregated masses in silicified wall rock, whereas py2 is in a pyrite-quartz vein and py3 is in a sulfide vein near py2, intergrown with galena, sphalerite, and chalcopyrite. (H). Quartz-pyrite veins in K-feldspar alteration. (I). Sulfide veins in silicification. Ccp = chalcopyrite, Gn = galena, Py = pyrite, Q = quartz, Sp = sphalerite. Scale bar in (A), (H), and (I) is in centimeters; hammer for scale in (C), compass in (E) and pen in (F) and (G). signal interval. The precision and total error of analysis is presented as a percentage of concentration.
Petrography and Mineralogy
Mineralogy
As shown above, the disseminated-and stockwork-style ores and the auriferous veins are very similar in mineralogy, although the latter contains more sulfides (Figs. 4-8) . The ore minerals are primarily pyrite, followed by chalcopyrite, galena, and sphalerite, with minor pyrrhotite, electrum, native gold, and tellurobismuthite. The gangue minerals mainly consist of quartz, sericite, calcite, and feldspar, with minor epidote, apatite, titanite, zircon, monazite, and garnet. The microscopic observations and electron probe microanalyses (EPMA; Du, 1988) show that gold dominantly occurs as electrum (37.02-77.33% Au; 22.36-59.00% Ag) normally associated with pyrite, chalcopyrite, galena, and sphalerite, with lesser amounts of native gold (82.82-98.58% Au; 0.02-14.62% Ag). The visible gold mainly occurs as inclusions in pyrite, filling microfractures in pyrite, or on the margins of the sulfide grains (Figs. 5C, 6F-I, 7F) . SEM-EDS maps show that there is no zonation in terms of Au or Ag in electrum or gold, and there is no significant content of other metals (Fig. 8A) . Even though gold and tellurobismuthite formed contemporaneously as inclusions in pyrite (Fig. 8B-C) , all tellurobismuthites have no detectable Au or Ag (Fig. 8C) .
Paragenetic sequences
Three paragenetic sequences have been identified on the basis of crosscutting relationships of the mineralized veins or veinlets, and mineralogical and textural characteristics of the ore minerals (Figs. 4-7) . These sequenes are pyrite-quartz ± sericite (stage 1), quartz-polysulfide (stage 2) and quartz-carbonate (stage 3). The paragenetic sequence of the Xincheng gold deposit is summarized in Figure 9 . Pyrite is the principal visible gold-hosting mineral throughout the gold mineralization, followed by quartz, chalcopyrite, and K-feldspar. Quartz occurs throughout the gold mineralization event, sericite mainly occurs in the early stage, and calcite is normally late stage.
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Pyrite textures and types
Examination of crosscutting relationships, distinctive textures, morphology, and mineral paragenesis suggests that there are three distinctive types of pyrite.
Type I pyrite grains (py1) are distributed as disseminations or aggregates in pyrite-sericite-quartz altered and silicified rocks. They are mainly coarse-to fine-grained, euhedral to subhedral, cubic or pyritohedral crystals (Figs. 5A, B, 10A) , with diameters of 0.02 to 5 mm. Brittle transgranular fractures across py1 grains are filled with sericite in places (Fig.  5D) . Arrays of microfractures and cataclastic textures in py1 tend to be concentrated at the corners of pyrite grains (Fig.  10B) in contact with quartz.
Type II pyrite grains (py2) are dominantly medium-to finegrained, subhedral to anhedral pyritohedral crystals 0.05 to 2 mm in length (Figs. 6A-C, 10C-D) . Py2 commonly occurs in pyrite-quartz veins or veinlets in altered wall rocks (Figs. 4E, 6B-C). These quartz-pyrite veins have multiple microfractures filled with visible gold and a little chalcopyrite (Fig.  6E-I ).
Type III pyrites (py 3) are mainly medium-to fine-grained subhedral to anhedral grains in sulfide veins or veinlets, with chalcopyrite exsolution within sphalerite (Fig. 7A-B ) and galena grains (Fig. 7C) . These veins normally fill fractures in py2 (Fig. 4B-D) or in places subparallel py2-quartz veins (Fig.  4E-H) , in brittle shears (Fig. 4I) . The typical mineral assemblage in the sulfide veins is abundant chalcopyrite (Fig. 7) , low Fe sphalerite, galena, and py3 (Figs. 7D-E, 10E-F) , which is the important gold-hosting mineral (Fig. 7F-I) .
Importantly, SEM-EDS images of pyrites from all three generations show that the pyrites lack zoning of any kind. TEM observations show that ductile single to interconnected, linear to curvilinear distortions (Fig. 11A-D) are common in pyrite grains. Lattice distance expands above 0.564 nm where there are distortions and lattice defects. Gold nanoparticles may also be present in pyrite (Fig. 11E-F) .
Relationship between pyrite and visible gold
Visible gold generally occurs in subhedral to anhedral pyrite which has textrures that relate to brittle cataclastic Fig. 6G-H ) in py1 and py2. The native gold in py1 is elongated along deformation fabrics (Fig. 5C ), related to internal lattice distortion or bending, as defined in TEM images (Fig. 11) . Native gold and electrum are generally hosted in partially, or more rarely completely healed fractures (Figs. 6F-H, 8C-D) and commonly appear as irregular native gold inclusions in py2 (Figs. 6I, 8B-C). In contrast, visible gold commonly overgrows py3 corrosion textures, including irregularly corroded interiors and concave margins. Visible gold was clearly deposited in resorbed, previously crystallized, pyrite grain margins or adjacent to these solution-corroded margins (Fig. 7F) .
Pyrite Geochemistry
LA-ICP-MS profile characteristics of pyrite
A total of 59 LA-ICP-MS spot analyses were conducted, which included 20 spots on py1, 26 spots on py2, and 13 spots on py3. These spot analyses were designed to record the concentration of invisible gold and other latrtice-bound trace elements in the pyrite grains while avoiding the numerous visible gold grains and sulfide and telluride grains in fractures and inclusions in them. Unintentional analyses of these grains below the surface analyses are, of course, unavoidable and may explain some of the outlier analyses discussed below. Fifty-four pyrite spots contain measurable quantities of invisible gold. Gold normally has a flat signal of about 1 × 10 3 (Fig. 12A, D) , but a spot on py3 shows that the trend for Au is parallel to those of Pb, Bi, Ag, and Te, with a strong signal over 1 × 10 5 (Fig. 12G, XC10D204B6-1 ) Additionally, the signals for Au and Ag in one py1, (which contains a visible electrum inclusion, see below), are as high as that for Fe (1 × 10 7 , Fig.  12C ).
Silver, determined in 57 pyrite spots, has consistent characteristics in all three pyrite generations. Some of the signals are relatively flat (Fig. 12D) , between 1 × 10 3 and 1 × 10 4 . In other profiles, the trend for Ag is parallel to those for Pb and Bi (Fig. 12A, E, G) .
All pyrites contain measurable quantities of As, Co, and Ni. They generally have flat (Fig. 12E, H) , or gently upward or downward trends (Fig. 12A, D) , or in places show wavelike signals (Fig. 12B) . Lead, Bi, Cu, and Zn are the common trace elements in pyrites of all three generations and their measured values vary over several orders of magnitude. Timeresolved depth profiles for them are rarely flat (Fig. 12D ), Pb and Bi show numerous paired spikes (Fig. 12A, B , E, G), and Cu and Zn also show several spikes (Fig. 12A, F) . A majority of pyrite grains contain measurable quantities of Sb and Te. Most signals from py1 and py2 are consistently low (Fig. 12A, C, D) , but a small number of profiles have parallel spikes for Sb and Pb in py2 (Fig. 12F ), Te and Pb in py3 (Fig.  12G) , and Te and Bi in py3 (Fig. 12H) 
Trace element content in pyrites
Trace element concentrations in the three types of unzoned pyrite are shown by boxplots ( Fig. 13 ; the spot on py1 containing a visible electrum inclusion is not used), based on the LA-ICP-MS dataset (Table 1) .
Gold content in py1 has a median of 0.180 ppm (n = 16) with a low value of 0.016 ppm and two far outliers of 1.14 ppm (XC10D210B5-1) and 3.61 ppm (XC10D224B3-2). The maximum concentration of gold in py1 (3.61 ppm Au) coincides with the maximum concentration of Cu (217 ppm) and a high outlier of Zn (7.62 ppm). In addition, the second highest Au concentration in py1 (1.14 ppm Au) correlates with the highest concentration of Sb (9.13 ppm) and high outliers of Te (12.9 ppm) and Pb (3213 ppm).
Gold content in py2 is as low as 0.010 ppm with a median of 0.053 ppm (n = 24), with three outliers: 0.368 ppm (XC10D203B1-3), 0.362 ppm (XC10D203B1-1) and 0.338 ppm (XC10D211B18-3). The maximum concentration of gold in py2 (0.368 ppm Au) coincides with outliers of Co (130 ppm), Zn (3.16 ppm), and Ag (12.1 ppm). The second highest Au concentration in py2 (0.368 ppm Au) correlates with outliers of Co (238 ppm), Zn (25.5 ppm), Ag (31.1 ppm), Pb (257 ppm), and Sb (4.89 ppm).
Gold content in py3 has a median of 0.060 ppm with values as low as 0.021 ppm (n = 13), with a highly anomalous value of 9.27 ppm (Fig. 12G, XC10D204B6-1 ) and an outlier of 0.581 ppm (XC10D211B14-3). The highest Au concentration (9.27 ppm) correlates with the highest Ag (668 ppm), Te (359 ppm), Pb (6607 ppm), and Bi (267 ppm) concentrations. The second highest Au concentration (0.581 ppm) coincides with a far outlier of Pb (5417 ppm) and outliers of Te (17.3 ppm) and Bi (108 ppm). Median metal content (in ppm) in py1-3, respectively, is as follows: Au (0.180, 0.053, 0.060), Ag (4.34, 1.30, 6.82), As (176, 415, 276), Bi (17.3, 2.68, 7.52), Co (616, 12.3, 68.9), Cu (6.30, 3.88, 28.0), Ni (117, 121, 191), Pb (25.8, 18.8, 49.5), Sb (1.00, 0.571, 0.911), Te (2.34, 8.15, 3.29), and Zn (0.532, 0.321, 2.74 ). All differences are relatively small: Au, Bi, Co, and Sb are relatively enriched in py1, As and Te are relatively enriched in py2, and Ag, Cu, Pb, Ni and Zn are relatively enriched in py3. Despite these minor differences, overall the different pyrite generations have essentially similar gold and trace element contents.
Trace element correlations in pyrites
Correlations between Au and other trace elements in pyrites are shown in Figure 14 . All LA-IP-MS data higher than the detection limit are used except the spot on py1 containing visible gold. The two far outliers of gold in py1 and another in py3 were rejected when calculating the correlation coefficients for the six Au-other trace element pairs in three pyrite types (Fig.  14) , because these three outliers have excessive influence on correlations.
Gold and Ag generally show minor positive correlation in py1, but there is no obvious correlation in both py2 and py3 (Fig. 14A ). There is no significant correlation between Au and Sb in general, but some positive correlation in py1 (Fig. 14B) . There is no correlation between Au and Te in both py1 and py2, but an excellent positive correlation in py3 (Fig. 14C ). Gold and As show a strong positive correlation in py1 and a weak negative correlation in py3 (Fig. 14D) . The correlation between Au and Pb ( Fig. 14E ) is similar to that between Au and Bi (Fig. 14F) , with the strongest positive correlation in py3. Silver and Pb have a very strong positive correlation in pyrites of all three generations (Fig. 14G ). Copper and Pb generally show some degree of positive correlation, but there is no correlation in py3 (Fig. 14H ). Bismuth and Pb also exhibit a positive correlation in general, but there is no correlation in py2 (Fig. 14I ). In summary, there are no consistent correlations between elements in the Xincheng pyrites.
Discussion
Genetic relationship between pyrite and gold
The mean grades of mined ores in Xincheng are 7 to 9 g/t, whereas the mean invisible gold concentrations in pyriteswhich are 10 to 15% of the veins and wall-rock alteration envelope-are about 0.05 to 0.18 g/t (Table 1 ). These data indicate that no significant component of the gold ores can be formed by mobilization of gold out of the pyrites during a remobilization event (Large et al., 2007 (Large et al., , 2009 ) originally incorporated into the pyrite via reduction of gold complexes on to sulfide surfaces (Möller and Kersten, 1994; Mikhlin and Romanchenko, 2007) , and later remobilized during syntectonic deformation (Tomkins and Mavrogenes, 2001; Pokrovski et al., 2002; Cook et al., 2013) . Even assuming 100% efficiency for remobilization of Au into the ores from the pyrites, the pyrites would have had to contain at least 50 g/t Au (up to 90 g/t Au) for gold to be remobilized into the orebodies based on simple mass-balance principles (Grant, 1986; Deng et al., 2001) . The following sections examine potential mechanisms to deposit pyrite and gold in the disseminated and vein-type mineralization.
Sulfidation and gold precipitation in disseminated ores
Py1 is commonly sited adjacent to iron-rich minerals, notably biotite, and coexists with sericite and quartz in pyrite-sericitequartz-altered rocks in the Xincheng gold deposit (Figs. 3, 4) . It is evident that primary feldspar plus hornblende and biotite in the ore-hosting Xincheng granitoids, which belong to the Guojialing Group, were transformed to sericite, quartz, pyrite, and other minerals during hydrothermal sericitization and silicification with py1 generated by preferential sulfidation of biotite crystals (Fig. 3) . Iron-bearing K-feldspar with dispersed hematite inclusions is also a possibility, but the K-feldspar normally has low Fe content (<1.5 wt % Fe: X.C. , only rarely reaching 3.5 wt % Fe . Recent studies of the ore-forming fluid at Xincheng indicate that it is a CO2-rich and Fe-poor multiphase H2O-CO2-CH4 metamorphic fluid with low to moderate salinities (Z.L. . A thermodynamic model the Fe-S-O-H system indicates a pH of 4 to 6 and ƒO 2 of 10 -32 to 10 -25 on the basis of Fe-bearing minerals in the ore-forming fluid for the Sanshandao gold deposit (~30 km west to Xincheng; X.C. . A large number of studies show that gold is most likely transported as an Au(HS)2 -complex in this type of fluid (Pokrovski et al., 2009; Williams-Jones et al., 2009;  Phillips and Powell, 2010) . The formation of the complex is considered to be related to the following equation (Phillips and Powell, 2010 ):
Au + H2S + HS -= Au(HS)2 -+ 1/2 H2.
As discussed above, py1 formed at the expense of Ferich minerals, particularly biotite. During this type of reaction, supersaturation of gold owing to increasing Fe from iron-bearing minerals into the fluid, and destabilization of Au(HS)2 -complexes due to loss of H2S from that fluid during sulfidation, is normally the most likely mechanism for gold precipitation in terms of the following equations (Huston and Large, 1989; Ridley et al., 1996; Williams-Jones et al., 2009) : Some gold is present as nanoparticles and some must be sited in the lattice, but even in the disseminated ores where more gold-rich pyrite has formed via sulfidation reactions, the gold precipitated by these reactions is miniscule. It is possible that, during deformation, there may be continuous fluid flux through preexisting pyrite grains, promoting ongoing sulfur liberation and allowing gold precipitation in ores (Cook et al., 2013) . However, given the low invisible gold content of pyrites, this is very unlikely to have produced a significant proportion of the gold veinlets in the pyrite. Another mechanism must have operated to produce the visible gold.
Fluid phase separation and gold deposition in quartz-pyrite veins
Phase separation or liquid immiscibility of a multiphase H2O-CO2-CH4 ore fluid has been invoked to explain free gold deposition at a number of gold deposits (Lawrence et al., 2013; Weatherley and Henley, 2013; Z.L. Wang et al., 2015) . Fluid inclusion petrology and microthermometry at Xincheng show that the primary H 2O-CO2 and aqueous inclusions were formed contemporaneously and the former have slightly lower salinities and higher homogenization temperatures, indicating that fluid immiscibility occurred at ~242° to 280°C (Z.L. , consistent with the conditions responsible for telluride formation in the veins (~250°C; Zhou et al., 2011) . Dramatic fluid immiscibility is interpreted to have been triggered by cyclic decompression of the hydrothermal fluid caused by seismic movement along fault zones that control the mineralized quartz vein and breccia system. Significant H2S loss from the ore-forming fluids resulting in destabilization of Au(HS)2 -complexes in solution (Mikucki, 1998) can explain the formation of free gold in the high-grade orebodies. Chalcophile elements, especially Cu, Pb, Zn, Te, Bi, and Ag, were deposited, together with Au, as larger grains within fractures in pyrite (Larocque et al., 1995; Vaughan and Kyin, 2004) . Visible gold formed largely in fractures or resorbed grain margins of the Au-poor pyrite, particularly py3. These textures provide compelling evidence for progressive influx of ore fluid during gold mineralization, because corroded interiors and margins of pyrite indicate postdepositional dissolution of that pyrite.
Implications for ore genesis
Recent fluid inclusion studies at Xincheng show that the ores were deposited from low-salinity (<5.26 wt % NaCl equiv) CO2-rich aqueous fluids with low to intermediate homogenization temperatures (~242°-280°C; Z.L. . This, together with geochronological data, which demonstrate that the Jiaodong granite suites consistently predate gold mineralization (Zhang et al., 2010; Jiang et al., 2012; Liu et al., 2014) has led to the classification of Xincheng and other deposits in the region as orogenic deposits (Groves et al., 1998) of unique Jiaodong type (Goldfarb and Santosh, 2014) . A number of features are compatible with their classification as orogenic gold systems. These include the strong structural control on the deposits by broadly NE-trending brittle faults, the geometrical control on these faults by rigid, previously crystallized granitoids, the lack of metal zonation, the lack of high, near-magmatic temperatures, and the 18 O values (8.0-16.7‰) of the quartz veins . The pyrite studies recorded here lend support to the orogenic model. Initial mineralization involved sulfidation of wall-rock biotite to produce disseminated pyrite with more or less synchronous deposition of quartz-pyrite veins. Pyrites in both ore types contain low concentrations of lattice-bound gold and other chalcophile elements. In contrast, there is abundant free gold in fractures and resorbed margins of the pyrite. As the ore grade of the mined Xincheng deposit is 7.75 g/t Au, mass balance shows that the original invisible gold content of the pyrites would have had to be unreasonably high (>50 ppm: Large et al., 2009) for the gold to be derived through release of invisible gold from proximal pyrite. Considering that these pyrites have not been converted to pyrrhotite, there is no obvious mechanism for such release. It is interpreted that the majority of gold was deposited via phase separation of the carbonic ore fluid due to rapid pressure drops during seismic activity on controlling fault systems.
Importantly, this study of the texture and geochemistry of pyrite, combined with mesoscopic and microscopic observations at Xincheng, illustrates some significant differences from most orogenic gold deposits (Groves et al., 1998) . These include the low concentrations of invisible gold in the relatively As-poor pyrite lattice compared to normally higher gold content in more As-rich pyrite in many orogenic gold deposits (Reich et al., 2005) . The As content of Xincheng pyrite ranges from 1.16 to 2,405 ppm (median 276 ppm), so they are at least an order of magnitude below those typical of pyrites from orogenic gold deposits (Figs. 12-14) . The pyrites contain about 20 to 100 times more Ag than Au, and the electrum has high Ag/Au ratios (0.3-1.6; Du, 1988) . This contrasts with most orogenic gold deposits, where the gold normally has less than 10% Ag (Groves et al., 1998; Goldfarb et al., 2005) . However, such geochemical features are evident in low-temperature, epizonal orogenic gold deposits (Gebre-Mariam et al., 1993) . Combined with the appearance of galena and tellurobismuthite, indicating a relatively low ore-forming temperature, and the dominatly brittle deformation textures in pyrite, the Xincheng gold deposit is best considered to be a member, albeit an unusual one, of the epizonal orogenic deposit class.
As discussed above, py1 deposition is closely related to sulfidation reactions, whereas py2 and py3 were deposited together with quartz in veins. Visible gold is concentrated in brittle fractures in all generations of pyrite and on the resorbed margins of py3 grains, presumably due to fluid phase separation during continued influx of ore fluid associated with late brittle deformation. The Jiaojia fault constrained the advection of ore-forming fluids and metals from deep crustal levels to higher levels at the brittle-ductile transition. Significant gold was deposited in dilational zones in faults, where episodic pressure drop and subsequent fluid phase separation were enhanced to produce this epizonal orogenic gold deposit. Such fault jogs provide high-quality targets for additional large-tonnage gold ores hosted in late Mesozoic granitoids, both in the vicinity of Xingcheng and in the giant orogenic gold province of the Jiaodong Peninsula generally.
The transtensional rather than normal transpressional setting of the deposit relates to a unique tectonic scenario where the gold deposits are sited in rocks that are >2.5 Ga older than the gold due to lithospheric delamination of the North China craton with subsequent voluminous granitic magmatism and transtensional uplift of the high metamorphic grade Precambrian rocks. As Goldfarb and Santosh (2014) pointed out, the enclosing rocks cannot be the source of metamorphic ore fluid as they were already metamorphosed and cratonized at the time of gold mineralization. Instead, metasomatized subcontinental lithospheric mantle or, more likely, a downgoing subduction slab and overlying pyrite-rich sediments, must be the source. This may have implications for the source of ore fluid in Archean and Paleoproterozoic orogenic gold deposits more generally where intrabasinal sedimentary rocks, commonly proposed as the source of metamorphic ore fluid, gold, and associated metals and sulfur (Pitcairn et al., 2005) , act as caps to the orogenic systems and rarely lie below the gold deposits. Instead, large volumes of greenstone rocks are invoked as the metamorphic source (Phillips et al., 1987) , with associated release of gold from nonpyrite bearing sources.
However, there is no compelling evidence that volcanicdominated sequences do release gold and associated metals during metamorphism as they do in sedimentary basins. In this case, subduction slabs and overlying gold-rich pyrites represent an alternative, more attractive, source for widespread ore fluids.
Conclusions
Three types of unzoned pyrite, with low gold concentrations, are identified in the Xincheng gold deposit. The invisible gold in the 10 to 15% pyrite in the ore system contributes <0.2% gold to the total ore grade of 7.75 g/t Au. The visible gold that provides the high gold grade is largely sited in small fractures or cracks in pyrite, other ore minerals, and quartz, with some visible gold also sited adjacent to solution-corroded pyrite grains. As over 99% of the gold is in this form, it is impossible to derive it through local remobilization of originally invisible gold in pyrite. Models for remobilization and reconcentration of invisible gold during metamorphism and deformation in orogenic gold deposits are simply untenable here, if a local gold source is envisaged.
Gold mineralization was ongoing, with sulfidation reactions and phase separation in the ore fluid coincident with brittle cataclastic deformation associated with regional transtension deformation. This progressively fractured and corroded previously deposited pyrite and located visible gold in dilational cracks, facilitating the exceptionally high gold tenor, and providing the favorable geometallurgy of the Xincheng gold deposit (Du, 1988) . The textural and geochemical data presented here for pyrites within the ore zone and proximal wall-rock alteration, particularly the progressive nature of gold mineralization, support the view that the Jiaodong gold deposits are orogenic deposits. The ore mineralogy, dominatly brittle nature of pyrite deformation, and particularly the high Ag/Au ratios of the Xincheng gold deposit place it in the epizonal orogenic gold class of Groves et al. (1998) .
Significant gold was deposited in dilational zones in faults, where episodic pressure drop and subsequent fluid phase separation were enhanced to produce this epizonal orogenic gold deposit. Such fault jogs provide high-quality targets for additional large-tonnage gold ores, both in Xingcheng and Jiaodong.
